The van der Waals (vdW) interaction is very important in fields of physics, biology and chemistry, and its role in reaction dynamics is an issue of great interest. In this review, we focus on the recent progresses in the theoretical and experimental studies on the vdW interaction in bimolecular reactions. In particular, we review those studies that have advanced our understanding of how the vdW interaction can strongly influence the dynamics in both direct activated and complex-forming reactions, and further extend the discussion to the polyatomic reactions involving more atoms and those occurring at cold and ultracold temperatures. We indicate that an accurate description of the delicate vdW structure and long-range potential remains a challenge nowadays in either ab initio calculations or the fitting of the potential energy surfaces. We also present an explanation on the concept of vdW saddle proposed by us recently which may have general importance.
I. INTRODUCTION
The van der Waals (vdW) interaction is a kind of important noncovalent interactions, and it plays an important role in numerous physical, biological, and chemical processes [1−16] . For example, the vdW interactions affect the stability and the properties of nanostructured materials [8, 9] , and are of particular importance for the function of many micro-and nano-electromechanical systems [10, 11] . The vdW interactions are also found to have a substantial effect on the phase transitions such as the transition between the crystalline ice phases [12] . In the biological field, the vdW interactions are found to influence the formation of DNA helices and tertiary structures of biopolymers, protein folding, drug binding [13, 14] and even the dry adhesion phenomenon in the setae on the toes of geckos [15] . Moreover, the vdW interactions are important in the molecular recognition and play a dominant role in shape recognition for highfidelity self-sorting [16] .
The role of vdW interactions in reaction dynamics is an issue of considerable interest and significant advances in our understanding of the effects of the vdW well in direct reactions dominated by the activation barrier have occurred [4, 17−25] . The importance of the stereodynamical effects of the long-range anisotropic interactions was realized around 30 years ago [26−30] , * Author to whom correspondence should be addressed. E-mail: bian@iccas.ac.cn and it is quite remarkable that the shallow vdW well [4] yields a substantial impact on the scattering outcomes of a classic activated chemical reaction (Cl+H 2 ) at low energies, which has been widely recognized since the pioneering work of Skouteris et al. [4] . Furthermore, the resonances caused by the vdW well are also detected in the F+H 2 reaction [21] .
However, the dynamical effects of the vdW structure in a complex-forming reaction dominated by a deep well are much less understood. Actually, many people believe that the vdW wells exist in all types of chemical reactions. In a recent study, Bian and coworkers [1] performed extensive dynamical calculations on the highlyaccurate ab initio potential energy surfaces (PESs) constructed by them, showing that the weak vdW forces in the entrance channel of a prototypical complex-forming reaction (FIG. 1(a) ) give rise to entrance-channel vdW saddle (FIG. 1(b) ), which has completely different dynamical effects from vdW well at low collision energies. They [1] also induced a general definition of vdW saddle in a chemical reaction as: in case that the vdW interactions cause a saddle point instead of minimum (vdW well is absent), the PES region surrounding the local saddle point is referred to as vdW saddle. The depth of vdW saddle is further defined as the energy difference between the vdW saddle point and the corresponding asymptote. The vdW saddle may play a crucial role in the emerging field of ultracold bimolecular reactions [31] .
Here we review the recent progress achieved in the theoretical and experimental studies on vdW interactions in bimolecular reactions. In particular, we recall FIG. 1 Potential profile and van der Waals saddle on the ZMB-a potential energy surface. The van der Waals saddle in the entrance-channel of C( 1 D)+D2 reaction is illustrated using Jacobi coordinates with r fixed at equilibrium bond length. Reproduced with permission from Ref. [1] . the crucial role played by the vdW interaction potential in both the classic activated and complex-forming reactions. We further extend our discussion to polyatomic reactions involving 6 or more atoms and to the cold and ultracold regimes.
II. CLASSIC ACTIVATED CHEMICAL REACTIONS
The stereodynamical effects of the entrance-channel vdW well on reactivity of the activated chemical reactions have now become well-recognized. This dates back to the work of Skouteris et al. [4] based upon the BianWerner PES [4, 23] , and it is found that the shallow vdW well [4] in the entrance channel of the Cl+H 2 reaction, a benchmark classic activated reaction, can have a profound effect on the outcome of the reaction at low collision energies.
Furthermore, in this reactive system, the interaction between the orbital and spin angular momenta of the Cl atom results in two possible spin-orbit states: the ground-state Cl( 2 P 3/2 ), and the excitedstate Cl * ( 2 P 1/2 ), and the possible role of spin-orbit coupling effects is further studied [32−34] . Neumark and coworkers [32] found that the inclusion of spinorbit coupling effects in theoretical simulations induces only subtle changes in the calculated spectra of the weakly bound Cl−H 2 vdW well, suggesting strongly that the effects of nonadiabatic coupling on the vdW complex are small. They [32] investigated the effects of this spin-orbit coupling by probing the vibrationally resolved spectra of weakly bound vdW complexes in the reactant valley using the slow electron velocity-map imaging (SEVI) method, and the companying theoretical Franck-Condon (FC) simulations with and without nonadiabatic couplings between the Cl spin-orbit states by using the adiabatic PESs of Capecchi and Werner were also performed. They found that the inclusion of nonadiabatic effects in the simulation induces only subtle changes in the calculated spectra, and the widths of the peaks from the two sets of simulations are comparable. In fact, the role of Cl * in this reaction is minor, and only at the collision energy of smaller than 4.2 kcal/mol the Cl * is more reactive than the groundstate Cl [33] . On the other hand, Yang, Zhang and coworkers [35] performed high resolution crossed-beam experiments and quantum reactive scattering calculations on the Chen-Sun-Zhang (CSZ) PES [36] for the F+H 2 (another prototype for activated reaction) and F+HD reactions, finding that the product HF state distributions of the two reactions are quite different. They explained this interesting phenomenon by that in both reactions the H atom jumps through the transition barrier rapidly from the T-shaped entrance vdW well to form the resonance state in a collinear configuration, during which the H atoms in the F+H 2 reaction acquire much more velocity parallel with the collinear axis than those in the F+HD reaction as a result of the different masses between the H and D atoms. (left) and resonance wave functions (right). The highest-resolution experimental spectrum (in purple line) is in very good agreement with the theoretical simulations (in blue line). The plots of the wave functions (in red and blue contours) corresponding to the low-energy resonance peaks are also displayed, which unambiguously reveals that peak α is a reactant resonance and peak a is a product resonance. Reproduced from Ref. [21] with permission from the AAAS, copyright 2015.
pronounced peak (labeled as α) on the low-energy region can be observed in both the high resolution experimental p-FH − 2 spectrum and theoretical simulations. Calculating the scattering wave function at the energy of the peaks unambiguously reveals that peaks a and α are reactant and product resonances respectively. More recently, the intermolecular vdW resonances have been also found in Ne-Br 2 and He-HCN complexes [37, 38] . Such weakly bound resonances are indeed a sensitive and experimentally accessible probe of the reactive potential surface. It should be mentioned that the resonances caused by the vdW well are different from those [39] observed before in chemical reactions.
In most cases, the stereodynamical effects of the entrance-channel vdW well would inhibit the reactivity, however, Guo and coworkers [25] presented theoretical evidence that suggests a pronounced enhancement of reactivity above the barrier by a pre-reaction vdW complex in the F+H 2 O→HF+HO reaction. The ground electronic-state PES has a "reactant-like" barrier and a relatively deep (2.67 kcal/mol) vdW well in the entrance channel which are located in the reaction pathway leading to the transition state. They developed a chemically accurate global PES for this reaction and investigated the reaction dynamics with the quasiclassical trajectory and six-dimensional quantum wave packet methods. The calculated excitation function displays a unique oscillatory behavior, which can be traced back to a stereodynamic effect caused by the anisotropic vdW forces in the entrance channel that can guide trajectories towards the transition state. Such stereodynamic effect enhances the reactivity at low collision energies, resulting in a pronounced peak in the excitation function.
III. THE COMPLEX-FORMING REACTIONS
The C( 1 D)+H 2 system is a prototypical complexforming reactive system [40−43] , and the reaction of C( 1 D)+H 2 and its isotopic variants have been studied by experimentalists and theoreticians for several decades. On the experimental side, several kinetic and dynamical investigations have been carried out [44−48] . In particular, Liu [45] obtained the collision energy dependence of the integral cross section (ICS) and Balucani et al. [46] reported the product angular and velocity distributions using the crossed molecular beam apparatuses; Hickson et [1] , and the agreement with experiment has been greatly improved [1] by inclusion of the contribution of this surface in dynamical calculations.
The proper description of the vdW regions of the ZMB-a PES has significant influences on reaction dynamics. ICSs calculated by Bian and coworkers [1] are shown in FIG. 3 along with the crossed-beam measurements by Liu [45] and satisfactory agreement between experiment and theory is achieved on the ZMB surfaces. FIG. 3(b) also shows that, the ICSs from ZMB-a have much larger values than those from the RKHS PES [49, 50] at low collision energies. The analysis using the QCT method indicates that this phenomenon results from the different topologies of the ZMB-a and RKHS PESs in the vdW regions. In particular, the ZMB-a PES has a vdW saddle whereas the RKHS PES exhibits a vdW well, although the depth of the vdW saddle on ZMB-a is very close to that of the vdW well on RKHS (both are about 0.3 kcal/mol). FIG. 4 shows typical classical trajectories obtained on the RKHS and ZMB-a surfaces with the same initial conditions for the C( 1 D)+D 2 reaction. As can be seen, on the RKHS surface the trajectories are turned back by the entrance vdW well before reaching the deep well region and thereby nonreactive, whereas on the ZMB-a surface the trajectories in the same initial conditions are guided into the deep well region by the entrance vdW saddle and subsequently produce CD+D. This kind of effect illustrated above is found to be quite general for trajectories at low collision energies, leading to much larger ICS values from ZMB-a than those from RKHS. In addition, FIG. 4 also shows that, the long-range vdW potential of ZMB-a extends to longer distances than that of RKHS. The QCT analyses also indicate that, the reorientation effects induced by the vdW interactions of ZMB-a lead to a D−D torsion then C sideways insertion reaction mechanism [1] at low collision energies.
The vdW interactions are also studied using statistical and QCT methods [2, 62] . Two kinds of statistical methods have been applied [2] , i.e. the statistical quantum mechanical (SQM) method and mean potential phase space theory (MPPST). It is remarkable that the statistical methods are also sensitive to the different topologies of the ZMB-a and RKHS PESs in the vdW region and in fact, the choice of the corresponding capture radius allows the methods to experience the different topologies. The calculated ICSs as a function of collision energy for the C( 1 D)+H 2 reaction are shown in FIG. 5. It can be seen that, on the ZMB-a surface, the ICSs using the exact quantum mechanical (EQM) decrease from very large values with the increase of the collision energy. The ICSs using the SQM and MPPST methods from ZMB-a show the similar tendency, but the absolute values are larger than the EQM ICSs. By comparing the ICSs obtained from the ZMB-a and RKHS surfaces, we can find that for collision energies smaller than 0.05 eV, the ICSs from ZMB-a are much larger than those from RKHS, which can be attributed to the deficiencies of the RKHS in the long-range region. As mentioned in Ref. [1] , the vdW saddle on the ZMB-a PES enhances reactivity at low collision energies, which is absent on the RKHS PES.
FIG . 6 7 shows additional contour plots of the ZMB-a surface [3] , in which the vdW saddles, the special structures caused by the HCH and CHH conical intersections (CIs), and the long-range interaction regions could be recognized. As can be seen, the contour lines in long- range interaction regions are smooth enough. In addition, the regions around the vdW saddles are adjacent with the special structures caused by CIs between different electronic states, which presents a challenge and requires careful treatments in the PES constructions. Actually many complex-forming reactions [63−65] involve multiple electronic states, and a careful treatment in FIG. 8(c) has a depth of 0.062 kcal/mol relative to the CH+H asymptote, in very good agreement with our ab initio value (0.059 kcal/mol). It is very difficult to fit these very shallow 2D-vdW wells with high precision, and these parts of the PES have been treated with special care.
IV. POLYATOMIC REACTIONS INVOLVING 6 OR MORE ATOMS
The vdW wells are also revealed in direct polyatomic reactions involving 6 or more atoms, which are dominated by activation barrier [17−20, 66−71] .
The exciting advances have been made in revealing the effects of the vdW wells in the X+CH 4 reactive systems, in which they play an important role in reorienting the reactants, and thus lead to unexpected results of the dynamics, especially at low collision energies.
In particular, Liu and coworkers [19, 66] made a series of in-depth experimental studies of the late-high-barrier Cl+CHD 3 reaction using the crossed-beam technique, finding that the C−H stretch excitation is no more effective than an equivalent amount of translational energy in raising the overall reaction efficiency at low energies, which is unexpected since the Polanyi rules state that for late-barrier reactions the reactant vibrational energy is more efficient than the translational energy in surmounting the barrier. This finding was further confirmed and interpreted by Bowman and coworkers [20] using the quasiclassical trajectory calculations on an accurate full(12)-dimensional global potential energy surface constructed by them ( see FIG. 9, left) . The examination of calculated trajectories reveals that at low energies most of the trajectories for the CH-stretchexcited reaction do not reach the transition state, instead, the Cl atom turns back in the vdW region. This occurs because at low energies, the CHD 3 rotates to the energetically favorable, but nonreactive, H−C−Cl orientation ( see FIG. 9, right) . Thus, at low energies the entrance channel vdW well orients the reactants in an unreactive configuration for the trajectories with the reactant CHD 3 initially excited. At higher energies, this effect is diminished, and the expected enhancement of the reaction for the stretch-excited CHD 3 (over translational energy) is seen.
In their study of F+CHD 3 reactive system, Liu and coworkers [17] obtained unexpected experimental result that 'CH stretching excitation in the early barrier F+CHD 3 reaction inhibits CH bond cleavage', and they speculated that this is reminiscent of the stereodynamical effect induced by the anisotropic vdW forces in the reactant valley, which is confirmed by the subsequent QCT study of Bowman and coworkers [18] . A kind of steering effect was revealed by them [18] , which means that the excited CH stretching steers the F atom to one of the CD bonds at low collision energies, where the entrance-channel vdW well plays a significant role.
In a most recent study on the CH 3 +O 2 →CH 2 O+OH reaction [71] , the catalytic effects of additional CO 2 molecule were attributed to the vdW complex formation. As revealed by ab initio calculations, vdW complex formation stabilizes the transition state and reduces the activation barrier by about 2. molecule is more effective in lowering activation energy than relieving the ring strain by using CO 2 to extend the ring. As for even larger systems, Xie and coworkers [18] carried out quantum mechanical simulations of structural and spectroscopic properties of a series of vdW complexes such as Ar N -CO 2 (N ≤24) and N 2 OHe N (N ≤40).
V. ULTRACOLD CHEMICAL REACTIONS
The importance of stereodynamical effects of the long-range vdW interactions becomes obvious in the emerging field of ultracold bimolecular reactions [31, 74−76] . Understanding and controlling the collision process of cold molecules will play a special role in realizing the goal of controlling chemical reaction. Recently, Ye's research group of NIST has carried out experimental research on the atom-exchange reaction of the ultracold KRb molecules at the single-quantum state level. Their results show that chemical reactions can proceed with high rates in the ultracold regime, and they have observed barrierless chemical reactions in the short range, whose rates are determined by longrange vdW potentials. More recently, Wang et al. [75] carried out full quantum mechanical scattering calculations for the benchmark H 2 +D reaction on the electronically ground-state BKMP2 surface, finding that by enhancing the polarizability of the reactant D atom and modifying the long-range vdW complex using Rydbergdressed interactions ( see FIG. 10 ), the rate coefficients at ultracold temperatures can be increased by several orders of magnitude ( see FIG. 11 ). They also noted that modifying the long-range interactions on the product side might allow one to control the branching ratios for different final channels, which would open up the pos-sibility of state-to-state control of chemical reactions.
Atomic and molecular laser cooling has opened up a wide range of applications in various fields including quantum computation, precision measurement, and quantum information [77−79] . For example, the production of ultracold alkali earth metal atoms has led to rapid advances in applications ranging from optical clocks to quantum memories [77] . The translational cooling of SrF, YO and CaF has been realized experimentally [80−82] and several other diatomics were identified as promising laser-cooling candidates theoretically [83−89] .
Cold molecular collisions can cause chemical reactions, and their dynamic behavior is a precise probe for vdW interactions. As the translational temperature continues to decrease, the molecules become cold (T <1 K) or ultracold (below a milliKelvin or T <1 mK) molecules. Studying the collisions and reactions of cold and ultracold molecules will make it possible to answer many interesting scientific questions, such as the nature of chemical reaction and its efficiency, quantum tunneling effects, and production of desired products with unprecedented specificity. It is clear that the long-range interactions play a significant role in ultracold regimes, and an accurate description of the PES long-range ranges is crucial and challenging. Recently, Varandas [90, 91] suggested a combined-hyperbolicinverse-power-representation (CHIPR) method which could treat evenly both short-and long-range interactions, and the successful application of this method in describing the long-range regions of the HO 2 PES [91] demonstrates its validity.
VI. OUTLOOK
The vdW interaction can enhance or inhibit the total reactivity or specific reaction channels at low collision energies, and can support metastable states that give rise to resonances. For many basic bimolecular reactions, the vdW structure results from the dispersion and quadrupole-quadrupole interactions between the reactants, which are rather weak (typical of less than 0.3 kcal/mol depth). An accurate description on so detailed structures remains a challenge nowadays in both the ab initio calculations and fitting of PESs.
Studies on cold molecular collisions/reactions including related calculations have just started recently, whose future development depends on the combined experimental and theoretical efforts. It is clear that in the emerging field of ultracold bimolecular reactions, the long-range vdW interactions will play a special role, and will contribute to exciting new findings in the future. It is very desirable but still challenging to construct highly accurate PESs, which can well describe long-range potential and vdW wells/saddles, and are suitable for the study of ultracold chemical reactions.
The shallow entrance-channel vdW well has played Reproduced from Ref. [75] with permission from the American Physical Society, copyright 2014.
FIG . 11 The sensitivity of the inelastic rate κin by varying the amount of Rydberg-dressing |b| and the collisional energy Ec. This example shows that one can adjust and tune κin in chemically active systems by increasing the magnitude by several orders with modest Rydberg dressing. Reproduced from Ref. [75] with permission from the American Physical Society, copyright 2014.
an important role in acquiring a deeper understanding of the activated reaction. It is clear that the vdW wells are inevitable in the direct chemical reactions that are dominated by activation barriers. However, in the case of the complex-forming reactions, it is more complicated, and some vdW wells revealed before may be artificial, probably resulting from the problem of ab initio methods. The concept of vdW saddle proposed by us [1] may have general importance, and it may originate from the nature of the polyatomic complex-forming reactions that are dominated by deep wells. The above DOI:10.1063/1674-0068/cjcp1901007 c ⃝2019 Chinese Physical Society conjecture awaits further verifications in more complexforming reactive systems.
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